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ABSTRACT

A general computer program for the calculation of the chem-
ical equilibrium composition of a gaseouc system was written for
the IBM 7090/24. The program is based on the minimization of
the Gibbs free energy of the system; the resulting non-linear
equations are solved by a modified Newton-Raphson iteration
scheme. The three options presently available for thne two
intensive variables nccessary for the calculation of the equi-
librium composition are pressure-temperature, pressure-enthalpy
and pressure-entropy, although other options for any two inten-
sive variables may be readily added.

A "program generator  that produces the source program
cards in FORTRAN IV of the equilibrium ric.ra. for a specific
chemistry system was also written. n the process of gener-
ating the source program, the generator extracts from a library
magnetic tape the necessary curve fits for the species enthalpy
and entropy as functions of temperature for the specified
chemistry system. This resulting source program may be utilized
as a subroutine to serve the needs of each particular application.
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NCMENCLATURE

the number of atoms of element j in one molecule
of species 1

the left-hand side of the element conservaticn
matrix [Eq. {6)] consisting of the matrix

elements aij

partitioned A matrix consisting of NF rows and
NP columns

partitioned A matrix consisting of (NSE~NP) rows
NP columns

element consexrvation constants from Eg. (5}

h:
i["&% - S-L] + 4n P [Eq. (9))

the Jacobian (aFj/a£ XL) defined bv Eg. (31)
n
residual vector defined by Eq. (30)

Gibbs free energy, cal

_j.;[ilmi_s]+x,np+&nx“ [see Eq. (16)]
(R LT i i} 4

-

—

o0
~

the row vector consisting of the g [ses EQ.
d.

o

the partitioned row vector G consisting of NP
vectcer elements

the partitiored row vector G ccnsisting of (NSI-NI'

vector elements

. - 2 2
mixture enthalpy, ft°/sec
mixture enthalpy, cal

species enthalpy, cal/mole

f—




ol

NP

NSP

n>

]|

ij

species enthalry, ft?/sec®

number of elements (including charge, if applicable)
of the chemistry system considered.

total number of species in the system
pressure, atmospheres

universal gas constant 1.98726 cal/mole °K or
89506 ft®/sec®-’K 1b/1b mole

mixture entropy lb mole/lb
mixture entropy, cal/OK

mixture entropy, ft®/sec® °K

species entropy at standard state (p = 1 atm),
cal/mole °K
species entropy at standard state (p = 1 atm),

[+]
ft? /sec® °K
. - - - ° 'd
temperature, K
mole fraction of species i

number of moles of species i

NSP
the total moles in the system Y = Z ¥
i=1

NSP [ N5P

G o o

- + .- . . 5

RT Z Z YialJ bJ NJ [see Eq. (8)]
j=1ti=l

Lagrange multipliers [see Eg. (8)]

matrix elements resulting from the matrix multi-
plication A,Al1 [see Eq. (26)]
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5, .
ij

the column vector cosisting of the modified
Newton-Raphson correction terms [Egs. (39)]

Kronecker delta
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TECHNICAT: REPORT NO. 643

ANALYSIS AND DESCRIPTION OF AN IBM 7090/94 PROGRAM

TC_COMPUTE EQUILIBRIUM CONDITIONS FOR

GASEOUS CHEMISTRY SYSTEMS

By Herbert H. Hopf

I. INTRCDUCTION

The problem of computing the equilibrium composition of a
gas has been the subject of many papers. An extensive search
of the literature has revealed that two approaches have been
used:

1. Utilization of equilibrium constants associated

with the pertinent chemical reactions.

2. Minimization of the Gibbs Free Energy of the svstem.

The equilibrium constant approach is the most common for
small systems, where the system cf equations is comprised of
the element conservation equations and the laws of mass action.
Where onlv a few species are involved, a set of reactions can
be easily formulated, for which curve fits of the corresponding
equilibrium constants as functions of temperature can be

obtained. 1In recent years computer programs were written to




formulate the reactions for large chemistry systems. Curve
fits of the species Gibbs Free Energy as a fuaction of temper-
ature are obtained, and the equilibrium constant is computed
from the change in the Gibbs Free Energy across each reaction
at a reference state.

For the second approach, the Gibbs Free 3Znergy of the
entire system is minimized subject to the constraint of charge and
glement conservation. A variety of techniques have been devel-
oped to solve the resultant system of non-~linear equations; the
nunerical technique descriked in this report is a modified
Newton Raphson iterati »n scheme.,

The objectives of the effort described herein are two-
iolad:

l. Create an equilibrium program which may be used as

a subroutine to generate the chemical equilibrium
composition and r'zsired thermodynamic properties
for any specified gaseous chemistry system.

2. Write a "program generator" which automatically pro-

duces the & »urce cards for this equilibrium prc-

gram according to tlie chosen species, which are input

for the program generatur. This program generator

e




extracts the necessary thermodynamic data from a
library magnetic tape.

Thus, a programming system has been created which provides
the user with an analytical tool which may be easily linked to
computer programs designed QP solve a wide variety of fluid
dynamics problems. The eguilibrium program generator has pro-
duced equilibrium programs which have been successfully used
for a variety of applications.

A typical application of such a + 2@nerated program was for
the computation of the equilibrium compositicr ~f an Air-Teflon
mixture through a boundary layer adjaccnt to an ablating sur-
fzzce. A detailed description of a sample application is shown

in Section VIII.




II. ANALYSIS

The Gibbs free energy of a mixture is defined as
G=H-TS (1)

where H is the m...cure enthalpy in calories
S is the mixture entropy .. calories/oK

T is the temperature in °K .

The enthalpy of a mixture of thermally perfect gas can
be computed from the species enthalpy for a given temperature

using the following egquation

H=73Yh () (2)

where Y, is the number of moles of specie i, h;(T) is the
enthalpy of specie i1 in calories per mole.

The entropy of a mixture of thermally perfect gases can
be computed from the species entropy at a given temperature

and pressure using the following equation

"‘- = - - P']
S So z Yi[si(T) R 4n Xi R 4n 2] (3)

where P is the mixture pressure in atmospheres

R is the universal gas constant in.éal./mole °K




si(T) is the entropy of specie i, cal./mole °K
X. is the mole fraction of species 1
S is the reference entropy taken as zero at

-]

T=0 "K, p=1 atm.

The second term on the right-hand side of Eq. (3) is the
contribution to the entropy due to the diffusion of the
species.

The third term is the contribution to the entropy for an
isothermal process where thg pressure is chanced from one
atmosphere to a prgSsure P.

Substituting Eqgs. (2) and (3) into Eq. (1),

= = >1 e {% [E%'“ sy )+ tnx; + 4n P} L

where NSP is the total number of species in the system.
The determination of the equilibrium composition is
equivalent to finding the set of Xi's which minimizes (4),

subject to the constraint of the element conservation equations

NSP
2 Yia;, = b, j=1,2,...NP (5)

i=1




where aij is the number of atoms of element j in one molecule
of specie 1, bj is the total number of atoms of element j, and
NP is the number of elements in the system.

Written in matrix form Eq. (5) becomes

— —

[YI ,Ya,..:YNSP] all ala . . . al’NP
agl aga . ° . aa'NP
. ) = (bllbg s o .bNP)
aNsp,; aNSP,2 - - °  2NSP,NP (6)

One additional equation which must be satisfied by the

Xi's is that

Zx.=1 (7)

Eq. (4) is minimizecd sukject to the constraint given by

Eq. (5) using Lagrange multipliers. Let

(8)

L2
il

I

=5 |
+

I~
<
o]
|
o
=3
b~




where "j are the Lagrange multipliers.

Let

g
[TI‘— - si} + 4n P (9)

Q
i
o [

Then from Eg. (4) and (9)

NSP v
G O i
—_— = + ——
e Z Yi Ci in (§ ) (10)
i=1
and
r NSP
| Y Y
3G/RT k % 3 il
e + — + e —— 1
dY Lck S Z Yiav |G Tt 7 | (11)
k g k
i=1
k=l,2,3,ooo,NSP
NSP
where Y = > Y..
l 1
i=1

Consider the second term on the right-hand side of £q. (11) and
expand it as follows [ dropping Ck' since ¢ = Ck(P,T) is inde-

pendent of Y, ]:

X
d 1 3 [, s d NSP
—— |in =— | + —— =+ - = |4in =
n 3y, ( "y ¥a 3y, |3 INSP v, \7Y




Note that:

3 Y& Y - Y
Y& 3 Ln'j?) = v for 4 = k
k
(13)
Y
{4
= -5 for £ # k
From which 1t can be seen that
3 Yy
EiYi 3V Ck + 4n (ﬁr =0 (14)
k
If Eq. (14) is substituted into Eq. (ll)and this renult
is substituted into the expression for the partial deriva-
tive of ® [as defined by Eq. (8)] with respect to Yi, then
NP
3d %
= + +
e © &y By Z 35 "5 (15)
1 J=l

It can be shown that the solution %§_= 0 represents the
i
minimum of the Gibbs free energy, which corresponds to the
unique solution where the system is in chemical equilibrium
(see Ref. 1).

There are NP element conservation equations given by (5)

ana NSP equations obtained through the minimization process




given by (15). The unknowns in this system of equations are
NSP species mole fractions and NP Lagrange multipliers.

The system of (NSP + NP) equations with the same number
of unknowns will be reduced to a system of NSP equations with

NSP unknowns.

Let
1 hi 1
g, = - Ci - 4in Xi = - {E'[Er - siJ+ in P + 4n Xi}
(lo)
then Eg. (15) can be written as
NP
) a.m. =g, i=1,2,...,NSP (17)
N i
j=1
for the condition of the minimum Gibbs free energy (i.e.
0d
3y o .
i
If Egq. (1l7) is written in matrix form the result is
— —_— e
a1l ay 3 4, ,NP Ty )1
azi az s .« 4, NP T3 93
. Ta ds
= (18)

aysp.:  2Nsp,z """ °NsP,NP NP INSP

—_—
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or

All=¢ (19)

The set of equations represented by Eg. (18) can be written
as one set of NP equations and another set of (NSP-NP) equa-

tions. If Eq. (19) is partioned accordingly, the result is

NP NP
Ay . G
____________ [F] = |—=c—mam
NSP-NP A, a, NSP-NP

(20)
or

Al.ﬁ = El (21)
and

ATl = G (22)

Solving Eg. (21) for 1= A;IEI and substituting into Eq. (22),

one obtains:

-1 — —

AQAI Gl = Ga (23)

If the expression for 9; given by (16) is substituted

into (23) the result is

4 = \ -
i x_= ) {,sn_NP,j(cj +n X0} - ¢ (24)

n=NP+ l,NP+2,...,NSP
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where

= - 4in X. = i'[fi -5 + 4n P (25)
C; = 3 nX SR q .
Bi1 Bia Bis - P NP ]
1331 ﬁaa Baa * e BQ,NP
[AaA;l] =

BNSP—NP,1 BNSP-NP,: BNSP-NP,a ee B

NSP-NP, NP

(26)

Egs. (5) and (24) correspond to NSP equations in the NSP
unknowns (mole fractions). In addition Eg. (7) can be used
as a check equation. However, since the total number of moles
in the system, may be of interest, this parameter is added to
the set of unknowns and Eg. (7) is added to the system of
equations.

This is accomplished by writing Eg. (5) in the following

form

j=1,...,NP {27)

il O~
»
o]
1}
<[
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where Y is the total number of moles in the system, i.e.

NSP
Y= ) v. (23)
ra 1
i=1
M
=7 (29)

The non-linear system of equations given by (7), (24)
and (27) in the unknowns Y and Xi (i=1,2,...NSP) is solved by

using a modified Newton-Raphson technique.
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III. METHOD OF SOLUTION
A residual vector, represented by Fj’ is obtained from
Egs. (7) and (27) as follows:
NSP
=\ -
Fy ) X -1
i=1
NSP b.
P = 2 X.a = -:.J" (30)
J _ 113 Y
i=1

j=2,3,...,NP

The Jacobian to be used in the Newton Raphson iterative pro-

cedure for NP dimensions, DF = (3F./d 4n X{) for (1 <j sNP),

(1 s 4 s NP) is formed as follows

BF1 BF1 _
9 4n X1 9 4n Xg
BF; aFg
o) "Ln X1 3 in Xa
DF = . c
Fyp  Fp
9 4n X1 9 4n Xg

oF,;
in X

oF;
in X

oF

NP

in X

NP

NP |

Np |

(31)

— ———e
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The following is reguired for the evaluation of the var-

dF;
ious terms ——+— :
3 4n X
L
\
in X.
il I ,
3 4n XL 4 1l <3 s NP
) \ (32)
axj l <4 s NPJ
= X.0, \
3 4n X{ j ji )

where GjL is the Kronecker delta.

1 for § = 41
6., = { (33)

I(Oforjyét

From Eq. (24) for (NP + 1 s n < NSP), (1 S ¢ £ NP)

3 4n Xn 3 ) NP
=] + - =
d 4n X, d 4n X Z [(Ck n xk)Bn—NP,k] Cn ) ﬁn—NP,L
& L k=1
\ /
and (34)
axn
d 4n XL - Xnﬁn-NP,L
since C. = C.(P,T).
1 i
From Eq. (27)
1 1 NSP
5 = E: Z xiaij' (35)




then

NSP
I 1 O
——— e —— + oo .
3 tn X, b X2t ) kjan*_ﬁn—NP,J (36)
n=NP+1 J

It should be noted that Egs. (35) and (36) are vaiid
only for b, # O.
The partial derivatives that are recuired for DF as

-

defined in Eq. (31) can now be evaluated as folluws:

. NSP .
o 4n XL XL * Z Xnﬁn—NP,L
n=NP+1
(37)
3. NSP a(é

— X,a + z [X.a .PB ] -b —E
3 4n X, 4745 j nj n-NP,4 j 9 4n X J

v n=NP+1 1

j=2,3,...,NP
4=1,2,...,NP

If the residual vector given by Eqg. (30) is denoted by the

column vector

3= (38)
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and the set of correction terms denoted by the column vector

ALn X:
A in X,

A ) | (39)

and DF by Eq. (31), then in accordance with the Newton-
Raphson procedure these correction terms are found by solving

the following set of simultaneous linear equations
(DF)+(A) = F (40)

The next set of iterated values of the mole fractions

of the "prime" species is given by the expression

(in Xj) = {4n Xj)N - 2(A 4n Xj)N (41)

N+1

j=l, s 00 'NP

where N denotes the iteration number and A is a relaxatio..

factor (0 < A s 1).

The relaxation factor is chosen by the prcgram so that
it is as large as possible (but never larger than unity) and

such that max {le|} decreases from iteration to iteration.




Initially A assumes a value of unity, but is subsequently
reduced, 1if necessary, until max {IFjI}N is smaller than max
{IFj'}N_l. The relaxation factor A has been introduced to
keep the iterations in the neighborhood of the solution when-
ever possible. If the solution is converging and A < 1, then
A is increased subject to the above constraint to accelerate
convergence.

The mcole fractions for (NP + 1 € n s NSP) are obtained
from Eg. (24), and the total moles in the system from (35).

The criteria i1or convergence of the iteration procedure

are as follows:

(1)
s -6 :
Fj , < lo ’ J=l,2,ooc,NP

where the Fj are defined by Eq. (30), and

(2)

(4n X.).. - (4n X.)
i°N 1°N-1 - 10-‘

(Ln Xi)N
i=l,2,3,ooolNSP
where N is the iteration counter.

The first test ensures that the major species have con-
verged, and the second test applies to all the species in the

system including the trace species.

17
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Iv. SOME REMARKS ABOUT CONVERGENCE

Mathematical analysis (s.e Ref. 1) has shown that the
Gibbs free energy function is strictly convex; hence, setting
the derivatives of Gibbs free energy to zero results in a
unique solution. However, since the system of eguations can-
not be solved in closed form, the question arises as to under
what conditions will the program encounter convergence
problems.

It is suspected that the majority of convergence problems
will be attributable to either

(1) the estimates of the mole fractions Xj,j=l,2,...,NP,

are too far from the solution,

(2) the species have not been properly ordered.

The user must consider the ordering of species when using
the "program generator." The first NP species specified must
be linearly independent. (Note that charge conservation is
handled exactly like element conservation.) For example, if
a seven species air (N, N, Oy, O, NO, NOt, e~) chemistry
system is considered, NP = 3 (the three "elements" are N, O,
e~), NSP = 7 (there are 7 species) and the ord¢ring of the
first thrre species could be N;, O, e~ or NO*, NO, Oy, as well

as a number of other combinations. However, the ~hoice of Nj,
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N, e~ as the first three are incorrect, since N; and N are not
linearly independent.

The first NP species must be chosen such that each
element (and charge, if applicable) be included among these
species. This is a neces:ary condition for the system to be
linearly independent; however, ‘t is not sufficient to guar-
ancee linear independe.ice. Consid~r again the seven species
air case, and let the first NP species be e~, NO and NOt.

If one forms the A; matrix as described in (20), it is
apparent that this system is linearly dependent, since sub-
tracting the second row from the first results in the third
row. However, the rule described above will work in the
large majority 2f chemistry systems.

Furthermore the program will work most efficiently if
the first NP species, besides being linearly independent, are
chosen so that their mole fractions are as large as possible.
The user should also note that the species cannot be ordered
such that electrons is the rirst species, since §‘(total

moles) becomes singular as computed from Eq. (35).
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V. OTHER THERMODYNAMIC OPTIGONS

As described in the previous sections the program computes
the 2quilibrium composition of a gaseous mixture for specified
values of pressure and temperature. Other input options
available are pressure-enthalpy and pressure~entropy. For
these options, the program performs a series of pressure temp-
erature calculations in an iterative manner until the specified
values of enthalpy or entropy are satisfied within prescribed
tolerances. Estimates of the corresponding values of tempera-
ture and species mole fractions must be transmitted to the
equilibrium program through the calling sequence.

Utilizing the specified value of pressure, and the esti-
mated values of temperature and the first NP species mole
fractions, the program computes the corresponding equilibrium
values of the species mole fractions (Xi}l’ ard of enthalpy,

H, (or entropy gl). 2 second guess of the temperature is

obtained (for enthalpy):

T, =T, + 0.05 T, for H, SH

where H is the specified mixture enthalpy per unit mass, ft?/sec®
g i< th ¢ E 1b mole
is e entropy, © . T
= . . ft°
S is the entropy per unit mass, — 2z 3 .

seca- K

e S - P— R — =k ik
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The program then calculates Hy corresponding to the
specified pressure and Tz. The third estimate of temperature

is calculated by the application of the "regula falsi" method

(or method of chords), as follows:

fa
T3 = Tg - df (43)
ar |,
s ‘g_f_) - fa - £,
\aT|, T - T

WH'I
]
S
'
o &)

All subsequent estimates of T are calculated by expres-~

x 2% @ function of Tk by means of a LaGrange second-

order equation and evaluating this parabola at £ = 0, to obtain the

sing £

next estimate of Tk+l' where k denotes the enthalpy iteration counter.

H - H

Cwnvergence 1s assumedwhen < 10—5

This procedure, of course, applies also to the pressure-
entropy option. The program logic may be readily extended

to include input options for any two intensive properties.
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VI. IVSTRUCTIONS FOR USING THE GENERATED EQUILIBRIUM PROGRAM

Initializiny Call Statement

CALL GENL7X (X, PROP, PR !, T, P, KOPT, BREE)

This CALL statement initializes the addresses of the formal
parametec.'s in the calling sequence and ccmputes the element
conservation constants bj described by Eqg. (27), utilizing
the values of the mole fractions stored in the X array, upon
entry. The value of KOPT must be a positive integer. These
values of .he mole fractions must truly represent the gaseous
system at some reference state; they cannot be approximations
{(or guesses) of the xi”

The user 2lso has the opticn of directly storing the
element mole fractions in the BEE array rather than specifying
the Xi's. The option of specifying the values directly in
the BEE array is particularly useful for applications where
the element mole fractions are not constant, such as the case
of a boundary layer adjacent to an ablating body. When the con-
tents of the BEE array are specifiad directly, KOPT must be
a negative integer upon entry. 211 subsequent calls (see
below) must then specify KOPT < 0, and the BEE array must con-

tain the current values of bj upon entry.




The formal parameters in the calling sequence are des.:ibed
below:

X is a one-dim:nsional array which contains the values of
the mcle fractions. The size of the array is equal tc
one more than the number of species in the system (NSP+1l).

. . O
T is the temperature in K.
P is the pressure in atmospheres.

KOPT is a code word which specifies the input option
(see below).

BEE is a one-dimensional array, whose size is equal to
the number of elements, NP, which contains the element
conservation constants b, described by Eq. (27).

J
PROP and PR2 are dummy veriables whose contents are
identified by the code word, KOPT (see below).

General Call Statment

CALL GENR7X
This CALL statement may be executed repeatedly, once the
initializing CALL statement has been executed. Note that the equi-
librium subroutine operates upon those formal p: rameters which appear
as arguments in the initializing CALL statement. Hence these
arguments must contain the correct valurs of the input param-

eters when this general call statement is executed. It is
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suggested that these formal parameters (X, PROP, PR2, T, P,
KOPT and BEE) be included in COMMON storage so that transmis-
csion of their contents among all routines may be satisfactorily

achieved.

Pressure-Temperature (P-T) Option: KOPT = x 1

“uesses of the first NP species mole fractions (Xj'

j=1,2,...,NP) must be specified in the X array upon entry.

Pressure-Enthalpy (P-H) Opticn: KOPT = % 2

In addition to these guesses of Xj, j=1,2,...,NP, a yuess

of temperature must be specified in thea T parameter upon entry.

A
Pressure-Entropy (P—é) Option: KOPT = + 3

Same inputs as fcr the P-H option, above.
KOPT = + 1 for pressure-temperature input option
+ 2 for pressure-~enthalpy input option
+ 3 for pressure-entropy input opfion.
If KOPT > C the contents of the BEE array (values of bj)
are not altered.
If KOPT < 0 the uger must specify the values of bj in the

array BEE upon entry.




1..2 contents of PROP and PR2 are described in the table
below. For KOPT = = 1, the contents of PROP and PR2 are output
properties; for KOPT = £ 2 and +* 3, the content of PROP is a

specified input and the content of PR2 1s an output property.

KOPT PROP FR2

* 1 enthalpy, ft®/sec* entropy, lb moles/lb
£ 2 enthalpy, ft®/.ec® entropy, lb moles/1lb
= 3 entropy, 1lbh moles/lb enthalpy, ft®/sec®

There are four situations under which the equilibrium pro-
gram will call an error subroutine, ard they are:

1. The temperature at which the species enchalpy and
species entropy are to be evaluated from the curve fits, as
shown in Egs. (44), is higher than the upper bound of tempera-
ture range over which the fit is valid (no chezk is made for
the lower bound of the temperature).

2. If more than ten iterations are required to satisfy
the prescribed value enthalpy (or entropy) within a relative
error of 10-6, when the P-H (or P-g) options are used.

3. If more than 30 i:erations are required to converge

to a solution for a P-T problem.

25
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4, If between twe successive iterations for a P-T problem,
max {!Fj|} as defined by Eq. (30) deces not decrease, the value
of the relaxation factor ) used in Eq. (41) will be reduced;
this r duction of X will be repeated until max {iFj]} decreases
from iteration to iteration. Howevar, the program calls the
error subrout‘ne if Abas been reduced for 10 consecutive P-T
iteratiors.

For the first three situations it will probably be
desirable to let the program -ontinue after writing an error
message. If the last situation occurs, an error message should
be output after vhich the execvtion should be terminated. The
run should be resubmitted,; either witn "better" guesses for
the mole fractions, or possibly the species may have to be
re-ordered.

A listing of the error subroutine which hand.es these
situations as stated above appears in Appendix C .

Includea in the equilibrium package is a zabroutine that
wil? solv: a system of N simultaneous equations. The method
employed 1s pivotal condensation, where the largest pivotal
elemnent available 1s utilized.

The user may CALL this subroutine in another part of

his program by the following statement:
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CALL CLEM {Al, DINX, F, N, N+l, AT)

where the formal parameters are defined as follows:
Al is the matrix of conefficient
DINX is the solutionrn of vector
F is the forcing vector
N is the number of equations to be solved
AT is a working array used by the subroutine, but
must be dimensioned by the calling program to be

of size (N, N+1i).

A
Streamline Calculation Using Eguilibrium P-S Option

A

To per:u.m calculations along streamlines using the P-S
optior vf “he equilibrium chemistry program, it is first
necessary to execute either the P-T option or the P-H option
at the initial point on the str=aamline in order to extract
the value of entropy (g). All subseguent calculations along

A
the streamline may then be executed using the P-S optcion where

A

-~

S is the value extracted at the initial point. This value of
A . .
S is conserved along each streamline. To calculate the dimen-

C . A
sivnless value of entrcpy it is necessary to multiply S by the

mixture molecular weight.
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VII. DESCRIPTION OF THE EQUILIBRIUM PROGRAM GENERATOR

For each chemistry system used the user must first gen-
erate the FORTRAN 1V source cards for the specific chemistry
system requested. The generator program punches the source
cards of the equilibrium subroutine, including all the

required internal data, and the elements of the A matrix

defined by Eq. (6). The curve fits are of the form:
[ =a; + blT
Pi
_ _ T biT2
h. = h., + J' o dT = a,T + *+q, (44)
1 i pP. 1 2 1
o o i
T
T cpi darT
s. =8, + r ———— =a. 4n T+ b.T + c. |T>T
1 1 J T p1 L 1 O:
o T i

where Ep is the species specific heat at constant pressure,
. - 3 Q
i ft®/sec® °K

h. is the species enthalpy, ft®/sec® (note that
species sensible enthalpy is taken to be zero at O °K)

Ei is the species heat of formation at 0 °K, ft®/sec®
o
Ei is the species entrcpy, ft®/sec® °K (note s. is
taken to be zero at 0 K, p = 1 atmosphere)
T is the lower bound of temperature for the curve fit
°i of ¢, °K.
P

i
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The data for cp, have been fit (in the J]:2ast square
sense) as a function of temperature, with first order equa-
tions; the curve rits are subdivided into several temperature
ranges. The only constraint on these fits for the equilibrium
program is that the temperature ranges for each fit (cpi, E;,
'Ei) of a given species coincide. The curve fits now con-
tained on the library tape used by the program generator

satisfy  this constraint. Presently a maximum of 6 tempera-

ture ranges per species is accommodated.




Input Format to the Program Generator

CARD NO. COLUMNS

[

3-8
45
46

2 1

43-45

4,5,6,... 6Al12

DATA TO BE PUNCHED ON CARD

Date (mornth/day/vear)

1

1

7

(right adjusted) number of species
in system

2

The species symbkols consistent with
GASL library tape, with 12 columns
per field for each species. The
first NP (where NP is the total
number of elements and charges, if
applicable) species must be linearly
independent, and the first of these
species may not be electrons since

Eq. (35) would become singular.

See Appendix D for sample inputs.
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Operating Iastructions for the Program Generater

When running the "program generator" on a 7094 IBM computer

the following operati..g instructlions apjly:

o

2.

IBSYS system version 13 is to be used.

Mount a specified GASL Chemistry Library tape on
unit AS.

Scratch tapes are to be mounted on units B5 and B6.
One file from output tape unit A% is to be punched
on FORTRAN cards; interpret columns 1-60. These
cards are the source deck of the equilibrium
program.

List under program control the output from unit Bl.




OQutput Obtained from the Equilibrium Program Generator

The generator will output (on paper) a report detailing the

coefficients of the least-square curve fits of the species
enthalpy and species entropy, as functions of temperature as
well as the upper and lower bounds of the temperature regions
corresponding to each curve fit. Since the equilibrium pro-
gram does not check for the lowest bound on temperature (i.e.
it will automatically extrapolate to a temperature below the
lowest bound), the user should check this output if he expects
the program to encounter temperatures below the lowest bound,
which for most species presently accommodated, is 200°k. |

In addition, the source deck of the equilibrium sub-
routine, in FORTRAN IV, for the specified chemistry system is
punched as output, a listing of which appears in the appendix,

The user must add subroutine ERROR, as described in Appendix C.
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III. SAMFLE APPLICATION

A typical application of a generated equilibrium program
was for the computation of the equilibrium composition of an
Air-Teflon mixture through a boundary layer adjacent to an
ablating surface. An equilibrium subroutine comprised of 37
species was produced by the "program generator." A "user's"
program was written, utilizing this subroutine, which
traversed the boundary layer, calculating the equilibrium
composition of the gas, and the mixture parameters, such as
the tempera’ure, corresponding to a specified variation of
enthalpy, pressure, and element composition. The element
composition varied frum 90% teflon to air ratio, to 100% air,
and the temperature varied from 1000 °K to 5500 °K. The
frontispiece depicts trz variation of the mole fractions with
temperature for a preliminary chemical system ccnsisting of

28 species which reflects a teflon air ratio of 50% by volume.
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FLOW CHART rOR SUBROUTINE GENL7X

ENTRY GENRYX

- - <0 Test ...20 >
Y KOPT

IStore BEE(I)
In A(NSP1,I)
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1
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Lo T T L B e B

PURSSEEEY

#0 Test =3
KOPT m
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Compute T by drawing
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Compute T by
Regqula Falsi method

———
Imaginary

el




starting at §

Do,.P,T prcblem (see separate flow chart

o]

! Compute
% entropy,
,enthalpy

B

Return
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SO / IPH+1
’ Y
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SlO / Test
IPH
A
/ Go N
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FLOW CHART FOR P,T PROBLEM

@

Compute Ci (1 = i £ NSP) eq. 25

Compute&nxi(NP + 1 < i s NSP) eq. 24

Compute Fj(l < j S NP) eqg. 30

Store Max le' - F(NP + 1)
Store F.+ FOLD(I) (1 < j < NP + 1)

O Ve

Compute Jacobian eqg. 31, Solve for ALnxi eq. 40

Compute Lnxi(l < i S NSP) egs. 41, 24 and store-~XLN(I)

Compute Xi(l < i S NSP), Any Xi > 1 set Lnxi = ~-_.C01 i
Ccempute ¥ eq. 35, Fi(l < i S NP + 1) eq. 30, store~F(I)
e b
Low = 1,NP
/ Test \ !
>0 i \ < | !
[~ -\IF(I)I-{FOLD(I)}' %o = |
, \ \ / i i
<0 / Test \\‘>O \ [ i m\ :
-i0" % 7 —
| F(N)-20 7 (all < 0) T% |
Go \ e . i
To A= A2 . !
® KOUNTL = 0 :
URTSKOUNTH+L oy o o
CALL .49  xounr-10 o -

ERROR

o ——e o . v

Return




A-L

' [
Test i
i b (1) - XLAST(I)l_lo « \ 50
| XLN (1) | /
- Vt (al]\.\ <0) P
Y >0 roTes <0 Go \ (P-T
@ SO0 S <F (NP+1)-10 e — To Problem Complet¢
\ / ® _I
v S
ITER = ITER + 1
XLN (I)=XLAST (I) ' Ty
F (I)~FOLD(I) <0 U >0 CALL
- - : ITER-BO‘A ennoRl
# ‘ / { ) * ]
Go «eturn
To '
@
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B-1

$IBFTC GEN7X, FULIST

SUBRGUT)INE GENLTX{XPRCPsPR24T4P,KOPT4BEE)

DIMENSLON ALL 4, 4)oX{ S)eBETAL 4, 4)9A! 9y 4)sFl 3) 4l
LXULNG  8)9C(  BIoXLAST( B2sULNXL 4)4PSI{ 4 4y 4)
2CENOM(2) s TEMP( 4) oTEMPLL 4)4AT( 4, 5)FOLCL 5),
3wl Bl EM( 8)sCPL B89695) 4yBEEL &)

SPECItS GRDER

1 c2
2 N2
3 E-
4 AR
5 )
6 NC
1
8
0

OO0 OOO0OO00

NG+
%
ATA W /

1l 2.798125CE C3, 3.1960308E 03y 146320951t CHy 2.<c4106383E 03,
2 6.3920616E C3,y 2.583871CE 03y 2.5838710E C3y 5.5%6250V0E C3/

OATA EM /

1 3.20CC00CE Cl, 2.80160CCE Oly 5.4862000E-C4y 3.9544000E Ol,
2 1.4CC80CCt Cly 3.COCHOOLE Oy 3.CCOB000E OLly 1.6CCO000E Cl/

DATA A /

1 2.0C000CCE CCy O v G y O ’
2 Ceo s+ 1.60C000CE 0Gy 1.CCOCOO0E COy L.CO0000CE COCy
3 0. + O s 2.C00000CE CO, O, '
4 0. s 1.0000CC0E 00y 1.C000000& 00y 1.0000000t COQ,
5 C- [} 0. [} C. 9 00 ?
6 loOCCOOOCE CCI 0. [} 0. Q 0. ?
7-1.CCCO00CE COy 0. s O r O ’
8 O. ] 0. ? l.OOOCOOOE 00' 0. ?
9 0. ] Ol ’ C. [} Uo /
CATA BETA /
1-0. s 5.00C0000€E-01y 5.C0C0O0000E-Cly 95.COCO0QUE-C1,
2 5.C000000E-01, 5.00CCCOCE-Cly 5.CCCO000E-Cly C. ?
3 C. ? O. l'loOOOOGOOE COI Qe ]
4 C. s O. v C. + O. /
CAJA(CP (Lololldol= ly 16)/

1 G.371€99SE C3y 1.C730000E 04y 4.C757999E CHy 55925999k C3,
2 1.5522000& C4, 1.J017300C0E 04y 1.CCL5C00E C4y l.015300CE C4,
3 1.1342000€ C4y 1.3349000& 04y 4.C757559E CHy 1.7240000t O3,
4 1.18C2000& C4y 9.3989949Gt U3y 1.2823000E C4y 1.415400CE C4,

5
6
[
8_
S
1
2
3
4
5
6
g

2
1
1
1
P4
2
5
2
5
6
1
3

1.2575000€ C4, 1.38700GC0E U4y 4.C757999E CBy-1.284500ut 03,
«01500GCE 04y 1.245000CE 04y 6.8581000E 03y 1.3418C00E C4,
«61C8000E C4y 6.2157000E 03, 4.C757999Et C8y-1.3CC9000E Q4 .
«5187CCCE 04, 1.2587CC0E 04, 1.1569000E C3, 1.4487000E 03,
« 7652000k G4y 2.628300Ct C3, 4.C757999E Cbs-2.488300C0E C4,
«22410CCE C4, 1.6225000t Q44 2.2221000t 03+-1.8841000t Q4,
«CZ580C0E C4,y 1.27200C0E 04y 4.C757999E (B9-5.1119000E C4,
«565100CE C4,y 2.2964CCOE 04y 2.28310C0E G4y 7.5617000E C3,
.308500Ct €Oy l1.7330000t COy Q. ? 2.7274C000E-03,
«1C45000E-G2, 1.39C50CCt 00y 1.5745C00t COy-4.135300CE CO,
«66058959E-Cly 2.7776CCCE-01y O. ?» 3.5441CC0t-C1,
«2%59500CE CCy 2468110CGCE 00y 1.7045C00€-0149-0.7238000t-02,
€ 3.85650CCE-Cly 137C10C0E-Cly C. ' s 6.C001000E-01,
9 3.,17480CCE-Oly 3.33E5CCCE-OLly 1.C1l690C0E COy 2.27110C0E-CL,

l-¢.C1l7¢0CCE~GC2s 1.C375C0CE COy G» » Ls468500CE 00/

DATA(CP (Loleldyl= 11, 1521/

1l 2.520000Ct CCy 2.8819CCCE~-Oly 1.€171000€ CUy L.C38500Ut CO,
2-1.48870CCE-Cly 1.37520CCE CO,y 0. ? 2.281740CCt CC,

8),




3 9.9835000E-01y 4.5662CCCE-0QZ,
4-3.13C30CCE-
5-2+439C1000E-C1,~2.87250CCE~-Q1,

6 1.487500C¢
1 2.6945000E
8 2.8742000E
S 5.62C30CCE
1-6.,2267000E
2-1.CS7500CE
3-3.475000CE

4 2.55160CCE
8-4.,7711C0C¢k
6-4.5C7400Ct
1-1.C111000E
8-3.5256000¢
S 3.C34€00CE
1 3.617400CE
CATA(CP
1-1.15C1000E
2 3.685400CE
3-3.E614C0CE
4 3.330100CE
5-1.522700CE
6 6.1576996E
1-2.849000CE
8 1.57260CCE
9-4.8845CCLE
1-2.537€00CE
1.25CC0O0CE
3.3CC000CE
4.500C000E
8.5CCO000E
8.8CCCOCOE
1.6CC000CE
1.225000CE
2.45C000CE
1.60C0000E
DATA(CP

gl » - B N« QT B S VY N}

(Ioeleldol=

{leleldel=

Cl,

Cay 1.1777000E
C4y 1.7289C0CE
03+9-5.228300CE
C4s 2.1468000E
C3,-8.59630C0E
04y 2.64C500CE
4, 5.26C500CE
Coy 1.08C7000CE
C4s 8.2233C0O0E
049-2.9719000E
04+~-5.3676000L
C5¢~8.572C95SE
C4y 3.656€0CCE
CEy 3.22550CCE

C&,-2.321100CE
C8, 3.24E700CE
Co9~3.2845COCE
C&» 3.05040CCE
C7+ 2.924800CE
08, 3.0298CCOE
C7, 4.8081959E
€8y 2.5620000E
C7+-3.26560CCE
CE4~6.48290CCE
03y 1.80CCOCOE
03, &6.7°GCO000E
C3, 3.7000000E
03, 1.30CC000E
C3, 8.50CCCOQE
C4s 3.COCO00CE
C4s 1.05C00COE
C4s 1.5250C00E
04, 1.6CCO0COE

71.48460C0E~

153,

229,

1.5316000E
Cl, Q.

04+-1.9130000E
Cay 1.3522000E
C3,-1.913C000E
04+-5.C189000E
C3,~-1.913C000E
03y 4.152C000E
04,-1.5130000E
€3, 8.8C36000E
C4+-1.5130000E
04y 7.5432999t
03,-1.5130C00E
04,-9.8128999¢
C4, Co

07y 3.5402000E

228)/

Cé, 0.

C7, 3.5121000E
Céo Co.

07y 3.7195000E
C?7, 0.

C?7y 3.5504000E
07y Ce

06, 3.5288000E
C?7y Q.

07, 2.3832000E
03y 3.C00CO0VE
G2y 2.CCCCOO0E
03, 3.CCOCCO0E
C3, 7.CCCCCO0E
03, 3.0C00000E
03, 9.5G0C000E
04y 3.CC00000¢E
C4y 1.2C0C000E
04, 3.000C000E

24Ci/

1 2.70C000CE C4y 2.00CO0COE C4y 1.5C0N0000E

2 3.0C0000CE

3 2.CCCO00CE C4y 3.00CO00CE 04,

C4s 1.80G0000E

DATA NP NSPyMoNyNSPLNNNN/

DATA PSI
1-0.

04, 3.CCCO000E
1.7500000€

4y 8y 49

Sy

COo,

1.57760C0E-01,

C9,y
Cé,
C9.,
03,
G99,
Ca,
09,
04,
C9,
04,
C9,
04,

?
C8,

'
G8,

’
08,

’
C8,

’
C8,

’
C8»y
Céa,
C3,
Ca,
03,
04,
03,
C&,
Ca,
04,

04,

Cé

Cay
9

2.1816000t
3.5532000E
1.15C8G00E
9.82¢61959¢E
1. 7256000t
4.1957000E
2.17862C0CE
6.1269000E
3.28840CCt
1.6705000E
1.3581000t
2.689500Ct
3.1404000¢t
4.5628C00E
6.8365CCOE
9.1752999¢
1.658500CE

COy
00,
CO,
03,
U4,
Cé,
Ca,
C4a,
Céa,
05,
05,
C5,
G5,y
C5,
04,
02
cs/

2.1278000c
1.6640000E
3.97C5000E
1.6732000t
1.188400C¢C
2.555600Ct
2.C49300GE
4.3566999t
4.115400CE
8.7229999¢
1.10C0000E
5.CCCO0COE
1.2250000¢
2.5000000E
1.3500000¢
1.4750000E
1.4500000¢
1.775000CE
1.57500C0E

C7,
08,
C7,
08,
Cad,
ce,
08,
08,
C8,
C?y
Cé,

C4,
03,
Chy
Ca,
Ca,
C4,
Ca/

2.6000000E

1.15C0000E

3.C00C0000E
6/

Ca,
Cay
C4a/

5+.C0C0000E-C1l.,

C2e

2_
3-
4=

ﬁlO‘U.b}thF-J)c-dO‘U

C.
C.
C.
Ce
5.0CCGO0CE~O1
Ce
C.
C.
Ce
C.
C.
g.
O«
C.
c.

5.00C0000E-01y
5.00C00C0E-01,
O.
C. ’
5.CCCCOCCE~QL,
5.00C0C0CE-OQ1l,

5.CCC0000E~-01,
5.0CC0000€E-Cl,

v=5.CC00000E-C1,

C. |
94CCO0CO00E-OQL
5.CCCOCCOE-CL1,

De '-SOCCCOOOOE—CI'
0. ? CC ]
O. +-1.CCO000CE CC,
O. »-1.CCOGO00E CO,
O. vy 1.000C000¢& <0,
Q. 1=Co ]
00 | ] c. | ]
Oe [ ] C. ?
Q. =0 1]
Oe ) Ce )

g.
Ge.
g.
g.
Oe
g,
0.
C.
Ce
g.
C.
g.
O.
g.
O.

N W W W O ® W WY W Y W W e




OO0

23

29

26

20

13

o000,

1966
2GCC

C
C

C2lea
2164

20C5
2CC4

2C02
3GiC

2C0E

FINIMNIZEC FREk ENERGY

NP ARE THE NUMBER OF ELEMENTS

NSP ARE THE NUMBER COF SPECIES

T IS ACLUESS FLR KCPT=2.23

KCP1=_ MEANS PoT GIVENM

KCPT=2 MEANS Pyk GIVEN,PRGP IS ENTHALPY
KCPT=3 MEANS Py S GIVEN, PR3IP (S ENTRCPY
X{I) ARE MCLE FRACTICNS,YBAR=TCTYAL INITIAL MCLES
X{(NSPL)=1.

DC 23 I=1sNP

A(NSPL,I1)=0.

CL 23 Jd=14ASF
AINSPL,I)=A(NSPL L) +A(J 1) *X(J)*X(NSPL)
RETLRN

ENTRY GEANRTX

IF(KCPT.GT.0IGE TL 26

KCPT=-KOPT )

CC 29 I=1.NP

A(NSPL,I)=8BEELI)
WRITE(EZLL)(XUI)yE=14NP)

CCNTINLE

CC 20 I=14NP

IF(X(I) LEQaIX(I)=.C01
XLN(i)=ALLG(X(I))

IPR=1

FCRMAT(3E1C.6,110)
WRITE(6,13)T4PyPRCPWKCPT
FCRMAT(3E20.8,110)

INETIALIZE LAMLA

LLAPDA=],

PLCG=ALCGIP)

GG TC(20C742CCC42CGC) o+KGPT
IF(IPF.EC.L)GC TO 2CC7

LCFT=KCPT

wiLL RETURN IN ETCH Trt MIXTURE ENTHALPY FCR KCPT

1=2,ENTRUFY KCPTY=3

¢C TC 520C
AWRITE(Gy11)LETCE T
CONTINLE

IF(ABSY (PRCP-ETCH)/PRCP) LT..C00CCLIGC TC 300
FNZ=FCLOh

FCLCF=FNENWE
FANEWE=FRCP-ETCH
IF(IPF.NEL2)CGL TO 2CC2
IN2=TCLC

TCLL=T

IF{FNEWR) 2CC3,9300,20C4
1=,65#7]

GC TC £¢a7

I=1.CS#1

GC 1C 2CQ7
IF(IPF.NEL3)IGE 10 2CC8
FPRIME=(FNEWF-FOLCF)/{T-TICLC)
TN2=TCLD

ICLLC=T
T=T-FNEWF/FPRIME

GC 710 2001

HN=T-TCLOD

rANL=TCGLE-TN2

[o I NN SRR N I PR, WY




o~ L NI o (N L - OV

3C04
3C05

2CC7
2163

41C1
L4lCt
2CC1
12

4C

€4

210
211
€l
41C2

C45CC
4500

11

5

12
14
1C
el

QGh=kN/HNL
AM=GNR(FNEWF=(1o+UN) *FCLCH+ CNSENZ)
BM= (2. %CAN+1. ) #FNERH-FCLCH¥( L +QN)#®2 ¢UN*(N#FA2
CN=FNEWF®[]1.+CN)
CUN=8BM#BM=4 s AMSCH

IF(CCN.LT.0.)GC TC 3CIC

CCA=SCRT (CCN)

CENCM(1)=8N+CCN

DENCM{2)=BN=CON
LF(ABS(CENGM{1))-AES(CENCM{2)))3CC2,3003,3C04
BCTICM=DERCMI2)

53¢ TG 3005

BCTTCM=DENGM(L)

IN2=TCLE

TCLC=T

T=T-HN%2,%CM/BCTTCM

LCPI=1

GC TC 5401

KKK=3

GC T1C 420C

CCATINUE
WRITE(69LLIETCK  FNERE FPRIME T FCLCH,TCLE ¢ X
DU 12 [=14ASP

XLASTCI)=XLN(I)

ITER=C

KCUNT=C

KKK=1

KCUNT1=0

LLL=3

GL TC €0C

CC 211 I=1,N

FCLC(I)=F (1)

GC TC(4CL144C2C) KKK

LLL=2

GC TC 6CO

WRITE(6+11)ZLANGCA,FOLD

CCNTINUE

IF(F(N)-FCLLCIN))TL,T7C, 171

IF(F(N) +LT..CCOCOL)GC TQ &5
LLAMCA=ZLAMCA/Z.

KCUANT1=C
KCUNT=KCUNT+]
KKK=2

DC 75 I=1.NP

FCL)=FCLD( I}
XLNCD)=XLAST(I)
FI(N)=FCLD(N)
IFCKCUNT-1C )€1 461,72

CALL ERRCR{CALIKRUM,y13)
GC 1C 30»

KKK=]

KCUNT 1=KCUNT1+1
IF(KCUNTL-20€5+50,650
LLANMDA=2,.#.LAMDA
IF(LLAMCALGTle)LLAMCA=],
KCUNTL=0

LC 86 1=14NSP
TFCABSOOXLNCT)-XLASTIL) )/ XLNCI))-400CL)BEL86491
COnT LML

V)
6l
62
63
64
€5
té
67
6€
€S
10
11
12
13
14
15
16
11
18
16
8C
El
82
83
ta
85
86
87
td
89
50
51

S3

94

55

G¢

57

8

S9
1G6C
1C1
1C2
1G3
1G4
1¢5
1Cé
1C7
1CH
1C%
110
i1l
11z
113
llg
115
116
1117
118




[

s
les
52

9y
96

198
11
20C

IC¢

3C1
305

4C17

4L ¢
4(LC1

4oy 3

4L04

4.Ct
4¢C6

4CC?
4ueC
4C/z1
440 C
401

4041

ITF{FIN)=-.CLCCCLITG5,95,51
[ler=1TeR+d

wWRITE(G, 11K

SAvE LARTLYol=1oyNSP ANC FLLl)yel=19N
LC &y {=14NSF

XLASTUIY=XLANLT)

cl 189S [=1,A

FCLELL)=FL])

LFCITER=-3C)EL 4624962

CALL ERrRCK{QX1oKRULNM,12)

CCNTINLE

WRITE(E ) LI)CLANMCA Ky XLN 9 XLAST
IFIRCFTLEQLLIGE TL 3CC

l¥k=1FF+1l
IFCIPE=13)19954199%,155¢

CALL ERRKOUCS{wXiyKRUMy11)
tCRMAT{S5c2C o) :

LUFT=K(CPT ¢4

CL T(L 52¢C

PRCF=tTCFk

LLP1=17

GL 1C Y407

LLPT=4

KCrT=LCPT-2

PRZ2=ET(CH

RETLRN

CC 4CC1 J=14NP

AlllyJdi=a.

CL 4CC2 L=,V

LI=NE+]

Al yJ)=AL(1sJ)ex (11 )%BETALL,J)
Al(lyJd)=x(9)+A1(]1,J)

LF MATRIX IN Al ARKRAY

CeT LUL/7YBARDI/ZLULNXLLY IN TEMPIL)
CLC 4CC4 L=1yNF

TevPIL)=0.

CC 4CC3 J=N,NSF

JJ=J-NF
TEMPIL)=TIVMPILI4PST{Jds Ll ) EX(J)
TEMPIL)=(TENMFIL)I+ALL)®A{L y1))/AINSFL,1)
NCn FCrM UFLLY/LLNXTL) FCR [=29NP ANL L=1yNP
CL 4cC€E L=¢ NP

LU 4UCé L=14NP

TEFMFLIL)=CW

LL 4ULE J=NgNSF

JJd=J-NF
FENMPLILY=TENPLAL)#FSTL{Jdp Ly} %X(J)
AL UL oL )=A(L oI )RA(L)STENMPLIL)I-AINIPL L )*TEMP(L)
LiLL=1

CALL CLE®IX{AL LLAR F NP Ny AT)

LC 4ccl l=14NF
XLNCT)=ALN( L) =dLAarMLa®LLNX(])

LL 49¢Cl L=]4NP
TeMELOL)Y=XLNLL)*C L)

Cl 4CzS 1=NyNSF

XLh(l,=L-

JUy=1-N¥

LC 4uz2l L=14yNP
XLN(LI)=XUNCL)+TEMPLIL) #deTALJU,L)
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I
L ¢ i
Wil
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leca
l¢h
let
Le?
lcee
| P
Lol
131
12¢
133
124

—
[¥ U
o

e e b e
LD e
Mo OO T -

—
Fo
>

-

144
145
l14¢
147
1486
149
15C
151
Loé
153
154
155
156
151
1vs
159
LEu
lel
le2
1€3
lca
1¢Y
160
1€7
léw

1ty

17¢

171

iic¢

173

114
e
e

1l

[—

4L25

4C<é3
4C22

405C

(=

(aNaNalslalaNeNaN ol ol el

6CC

€Cl

6C2
6C3

604
€C5

520C
5201
5¢02

54C1

54G2

5403

XUNCD)=xeNCD)-CHT)

CC 4CZ2 1=14NSP
IF(XLNLT))4aCccyaC2c94(23
CCReECT ANY MCLE FRACTIUNS LARGER THAN 1
XLh(l)=-.Cl

CCNTINLE

CCMPLTE X{1) ANC YBAR
XiNSP1)=0.

CC 405C J=1,4NSP
X{Ji=bxPALN(J))
FF(ARSIXLAN(J) ) «GT €8 0X(J)=0C.
YINSPLI=R(NSPL)2A(Js)2Y 1Y)
X(NSPL)=AINSPLyL}/XINSPL}

GC TC(4102441C2,41C1) KKK
CUMPUTES F FCR NEWTUN RAFRSCA
ALSC STURES LARGEST F IN F{N)
CuM=C.

CC 6C1 I=1,ANSP

LUM=CUM+X (1)

F(l)=CUM-1.

LC €C2 1=2yNF

Cu¥=C,

CC €C2 J=1,NSP
LUP=DUM+A(J ) 2X(J)
FOI)=CUN-A(NSPLI)/X{NSP])
FINC ThE LARGEST £(1)
FINI=ABS(F(L1)})

CC €C5 [=2,4NP

- E=ABS(F(I))

IF{e-FI(N))ECS5,60449604

FIN)=E

CCNTINUE

nRITE(EY1L1IF

GC TC(4007,45CC,21C),LLL

FIRST SUBSCRIPT DEFINES SPECIE NUMBER
SECCNC SUEBSCRIPT IS FCR A RANGE IN TEMPERATURE
THFIRC SUBSCRIPT 1=A

TRIRC SUBSCRIPT 2=8B

THIRC SUBSCRIPT 3=(

THIRC SUBSCRIPT 4=C

TRIRC SUBSCRIFT 5 UPPER T IN TEMP. KANGE
S=ASLAT+B2T+C

h=A3T+ ,5%E%T#T1+(

CCAVERT MCLE TG MASS FRACTIGCNS

L ARR2Y FCR MASS FRACTICAS

EH”::C‘

CC 5S¢l I=14NSP

EMM=EMM+X(1)SEN(])

OC 52C2 I=14NSP

ZELd=X(1)2EM(T)/EMM

WRITE(E91L)ZWENMJENMM

TLLG=ALLG(T)

tTCF=C.

CC 54C1 I=14NSP

BC 54CZ JJ=14MANN

IF(CP UL yJJs5)-T)5402,5403,454C3

CCNTINUE

CALL ERRCR(T,1410i

GC TC{540€95405954C4945405454C4+54C595404)4LCPT

B-6

178
176
18C
181
1&2
183
L4
185
1Lt¢
187
ity
16
1¢¢C
161
16¢
163
194
165
15¢
1617
168
156
2CC

- 2C1

2C2
2G3
2C4
205
20¢
2C17
2C8
2(S9
210
211
212
213
214
215
216
217
21t
219
2¢C
2¢é1
222
223
224
225
226
221
228
22S
230
231
232
£33
234
235
23¢




B-7

54C5
C

5404

54C¢

5401
c 13

$1

17

2GC

2C1

1C

11
1C

18

3C
32

6C
65

HE=(CPlloJJdol)#.53CP(LsJJel)2*T)CT+CP(]1,Jde4)
WRITE(Gs113)19dJ,yHI

ETCH=ETCR+L(1)2R]

GC TC 5401

SISCPUIoJdJdol)*TLOGHCP UL gJJ 2 %T+CP (1 9JJe3)
WRITE{6,)113)19JJ95S1
ETCH=ETCH+X(I)*(STI/W(I)-XLN(L)-PLCG)/EMNM

GC TC £401

CLEV=CP L oddol)-CPlIsJdJe3d)=-oS%CPLI¢JJe2)#T+CP(19JJes)/

LT-CP(I,JJel)*TLCG

ClId)=Cii)/mli)+PLLG
WRITE{G6y113)10ddsCHLT)
CCNTINLE
FORMAT(211C93E2C.E)
GC TGlel63,216492164420693C543C5,4307),L0PT
ENC

SCLEMT? :
SUBRCUTINE CLEMTIX(ByXoCoMeMlyAT)
DIMENSION B(MoM)oX{M)oO(ML)oAT(M,ML)
ECQLATIGNS ARE OF ThE FCRM BX=D
BC 17 I=14N
X{i)=C.0
CC 2CC I=1lyM
AT(I.M1)=CLI)
CG 2C1 I=1yM
BC 2C1 J=14M
AT(I,d)=8(14J)
CC 32 N=1,yM
C=AT(NsN)

11=C
DC S IzAyM .

IFLABSIAT(I N)I-ABSULC}E)F95,8
C=AT(I4N)

11=]
CCNTINLE

LFLIT=-N)T,7,417C
CC 71 J=N,M1
TEMP=AT(NyJ)
ATINGJ)=ATITsd)
ATUIT,J)=TEMP
CC 10 I=1,M1
ATINyI)=ATIN,1)/0
IF{M=N)5045C,1E
Nl=N+1
CC 30 I=N1l,yM
C=AT(I,N)
CC 20 J=hyMi
ATUI J)=AT(1yJd)-ATIN,J)*C
CCNTINUE
X{Mi=AT(M,M+])
LG €5 N=2,¥
NR=M4+]1-N
C=AT{(NRyM+1)
BC €C I=NR,¥
C=G-ATINR 1L )2X(I)
X{NR)=C/AT{NR,NR)
RETLRN
ENC

41< CARCS PRINTEC




231
238
236
240
Z4al
242
243
244
245
246
241
248
249
25G
2t1
252
253
254
255
256
251
258
256
26C
261
262
263
264
265
266
2¢1
2¢8
26$
210
271
212
213
274
215
216
211
218
219
280
241
282
283
284
285
2E6
281
288

- 289
- 25C

251
262

293

254

APPENDIX C

LISTING OF SUGGESTED

SUBROUTINE ERROR




GAARE LU L) L R it )

-

ey

c-1

$1erTC LIST “HRUR,

SUBKCUTINE ERRUR(GIK, 1)
wd ITE (o 10) ]

1C FCRMAT(6FLERRCR,( 3)
J=1-6
UL TCllycrdealdyd

L wRITE(GLL)GK

11 FCRMAT(L4FOTeMEcRATUKE =ELlS. 710 19FFIT FOUR SPLCLIL MU
1)
GC 1C 7

¢ wRITELGEy12)

12 FURMAT(43FOCLTER EWUILIBRIULM TTerRATIUNS eXCEEL UG
Ge 1C 17

2 akllel(eEy13)

13 FURMAT(44HCPRESSURE TEMPEKATUKE TIERATIUNS EXCEEL 30
6e 1C 1

4 aRITe(Eyla) :

14 FCrMAT(LSFCLANMEA CULT LC TINMES

1 ReTURN
ENL

20 CARUS PRINTEL

[as9ENCT VALIL




APPENDIX D

SAMPLE INPUL FOR THE

CHEMISTRY EQUILIBRIUM GENERATOR PROGRAM
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